Chemosynthetic mats involved in cycling sulfur compounds are often found in hydrothermal vents, cold seeps and whale falls. However, there are only few records of wood fall mats, even though the presence of hydrogen sulfide at the wood surface should create a perfect niche for sulfide-oxidizing bacteria. Here we report the growth of microbial mats on wood incubated under conditions that simulate the Mediterranean deep-sea temperature and darkness. We used amplicon and metagenomic sequencing combined with fluorescence in situ hybridization to test whether a microbial succession occurs during mat formation and whether the wood fall mats present chemosynthetic features. We show that the wood surface was first colonized by sulfide-oxidizing bacteria belonging to the Arcobacter genus after only 30 days of immersion. Subsequently, the number of sulfate reducers increased and the dominant Arcobacter phylotype changed. The ecological succession was reflected by a change in the metabolic potential of the community from chemolithoheterotrophs to potential chemolithoautotrophs. Our work provides clear evidence for the chemosynthetic nature of wood fall ecosystems and demonstrates the utility to develop experimental incubation in the laboratory to study deep-sea chemosynthetic mats.
Introduction
Wood falls represent an important carbon load for the seabed (Blair and Aller, 2012) . They form the foundation for unique deep-sea ecosystems, but, intriguingly, some wood-colonizing organisms do not use directly organic wood carbon. They prefer instead to consume inorganic carbon and use as an energy source compounds such as hydrogen sulfide (Duperron et al., 2008) . High hydrogen sulfide concentrations have been measured on wood falls in situ (Laurent et al., 2013) and in aquaria (Yücel et al., 2013) with values similar to the ones measured in hydrothermal vent fluids (Le Bris et al., 2006) . The production of hydrogen sulfide has been related to the presence of bacteria from the Desulfovibrio genera, detected after only 1 month of wood immersion (Kalenitchenko et al., 2015) , which respire sulfate and use fermentation products like acetate as a carbon source. However, after several months of immersion, when all the labile organic matter present in the wood was consumed, it was hypothesized that the microbial community needs a macrofaunal partner (Xylophaga sp.) to convert the refractory wood carbon into labile organic matter (Voight, 2015) . New fermentative niches can be created within macrofaunal feces (Purchon, 1941; Fagervold et al., 2014) that could result in high hydrogen sulfide concentration after 1 year (Bienhold et al., 2013) . These environmental chemical conditions are similar to the ones found in other deep-sea sulfidic habitats where microbial mats colonize exposed surfaces. Similarly, chemosynthetic microbial mats should be expected to develop on wood surfaces.
Epixylic mats (mats that develop on the surface of the wood) are well studied in freshwater environments and consist of microbial communities dominated by fungi able to degrade lignin and cellulose (Golladay and Sinsabaugh, 1991; Tank and Winterbourn, 1995; Tank and Webster, 1998) . In contrast, little is known about epixylic mats in the marine environment. Their presence has been reported only recently in studies from shallow waters or mesocosm experiments (Laurent et al., 2013; Yücel et al., 2013; Kalenitchenko et al., 2015) but the identity and function of the mat-forming bacteria are unknown. For deep-sea woods, sampling is difficult because the long distances traveled when moving up through the water column washes the wood, leaving no trace of the fragile biofilm structure (Samadi et al., 2010) .
Deep-sea mats have, however, been studied in other chemosynthetic ecosystems such as mud volcanos , cold seeps Gentz and Schlüter, 2012) or hydrothermal vents (Taylor et al., 1999; Alain et al., 2004) . These studies highlighted the key role played in sulfidic habitats by Epsilonproteobacteria (Campbell et al., 2006) during the establishment of deep-sea chemosynthetic ecosystems. For carbon acquisition some members of this class use the reverse TCA cycle (rTCA) to fix inorganic carbon (Takai et al., 2005; Hügler and Sievert, 2011) and chemosynthetic fauna inhabiting hydrothermal vents probably rely on bacterial carbon (Van Dover and Fry, 1989 ) and more precisely on carbon fixed using the rTCA cycle (López-García et al., 2003) . Epsilonproteobacteria were also described as the first colonizers of new surfaces exposed to the mixing zone surrounding vent chimneys (Alain et al., 2004; Heijs et al., 2005) validating their key role in deep-sea sulfidic environments. However, other bacterial groups are important and three main kinds of sulfidic chemosynthetic mats have been described. Thiomargarita (Gammaproteobacteria) mats develop within highly dynamic habitats where hydrogen sulfide and oxygen (or nitrate) gradients are unstable . Arcobacter (Epsilonproteobacteria) mats develop in niches where hydrogen sulfide and oxygen co-occur (Wirsen et al., 2002; Moussard et al., 2006; Grünke et al., 2011) . Finally, Beggiatoa (Gammaproteobacteria) mats reduce the narrow overlap region between hydrogen sulfide and oxygen (or nitrate) and promote a steep gradient within the mat (Felden, 2009) . Owing to the difficulty of accessing deep-sea samples, these mat categories present only a snapshot of the mat communities at a given time and the possible ecological succession of the microbial community composition remains unexplored.
During the formation of microbial mats, bacteria change their lifestyle from a free-living stage to a multicellular community by secreting extracellular polymeric substances that can represent 90% of a mat volume (Flemming and Wingender, 2010) . Mat establishment strongly affects chemical gradients between the water and the substrate (Santegoeds et al., 1998) and consequently can create new ecological niches. In wood falls, we suspect that changing chemical conditions measured on the wood surface (Yücel et al., 2013) may result in a surface community adapted to changes in sulfide concentrations, similar to community changes observed in deep-sea chemosynthetic ecosystems (Alain et al., 2004) . We hypothesize that mat development on wood creates with time new niches that might be colonized by specific bacterial groups. Furthermore, wood is composed mostly of polysaccharides (Sjostrom, 1993) so the microbial mat may use polysaccharides directly from the wood surface as observed in freshwater fungal biofilms (Golladay and Sinsabaugh, 1991) .
In the present study we aim to fill the knowledge gaps in the least studied of the four deep-sea chemosynthetic ecosystems, wood falls. The overarching goal of this study is to provide a first description of a wood fall microbial mat and to verify if the mat bacterial community changes with time. We used a mesocosm experiment, which we developed to mimic deep-sea conditions (Kalenitchenko et al., 2015) , to overcome the difficulty of repeatedly recovering fragile wood fall mats from the deep ocean. We combined illumina amplicon sequencing, metagenomics, fluorescence in situ hybridization (FISH), microsensor profiles, elemental mapping and image monitoring to investigate the diversity and function of the microbial community. This experiment allowed us to test (i) whether a microbial succession occurs during mat formation and (ii) whether the wood fall biofilms present chemosynthetic features.
Materials and methods

Experimental set up
Five wood logs (15 cm in diameter and 10 cm in length) were placed in aquaria filled with 5 μm-filtered seawater pumped (flow: 8 l h − 1 ) from the Mediterranean Sea at 4 m depth, 30 m away from shore. Seawater temperature was maintained at 13 ± 1°C and oxygen concentrations were maintained at 100% saturation by bubbling. Wood logs originated from a same pine tree (Pinus pinea) cut the day before the start of the experiment in the Banyuls sur Mer 'Biodiversarium' botanical garden. Pictures of each of the five wood logs were taken every day to monitor the color, the thickness and the area covered by the mats developing on the wood surface.
Sampling, fixation and filtration Wood mats were sampled after 32, 35, 38, 43, 45 and 49 days of wood immersion. For each sampling time, mats were sampled with a punch (4.35 mm in diameter) from wood logs chosen randomly (Supplementary Table 1 ). Samples were always taken 450 mm away from an earlier sampling site to avoid any 'earlier sampling site' effect. One catalyzed reporter deposition-FISH (CARD-FISH) sample and two DNA samples were collected at each time point. For DNA analysis, samples were stored in 2 ml cryotubes at − 80°C. For CARD-FISH, samples were suspended and fixed with 1 ml of paraformaldehyde solution diluted to 4% with phosphate-buffered saline (PBS) for 6 h at 4°C. Then 50 μl of this solution was filtered onto a 25-mm diameter filter (Whatman, Nuclepore 0.2 μm), the filters rinsed three times with a 1 × PBS solution and then stored at − 20°C.
Succession in chemosynthetic wood fall mats D Kalenitchenko et al CARD-FISH CARD-FISH was performed according to a previously published protocol (Pernthaler et al., 2002) . Nuclepore filters with mat cells were embedded in 0.1% low gelling point agarose. Cells on the embedded filters were permeabilised with lysozyme buffer (10 mg ml − 1 of Lysozyme (105 000 U mg − 1 , SIGMA, Saint Louis, MO, USA) in 0.05 M ethylenediaminetetraacetic acid, 0.1 M Tris-HCl (pH 8.0) and endogenous peroxidases inactivated by treatment with 0.01 M HCl. Filters were cut into six equal parts and four parts were incubated with the following probes; a Bacteria probe (EUB338-I) (Amann et al 1990) , a negative control probe (NON338), which is the reverse complement of the universal probe, an Epsilonproteobacteria class probe (EPSY549 (Lin et al., 2006) ), and a Gammaproteobacteria class probe (GAM42a (Manz et al., 1992) ). Because GAM42a may also target some Betaproteobacteria we used the unlabeled BET42a probe (Manz et al., 1992) as a competitor probe. Filter fragments were covered with hybridization buffer (0.9 M NaCl, 20 mM Tris-HCl, pH 8.0), 10% dextran sulfate, 0.02% sodium dodecyl sulfate, 55% formamide (Sigma) and 1% Blocking Reagent (Roche, Basel, Switzerland) containing the probe at 2.5 ng μl − 1 , and incubated in a hybridization chamber prepared with 55% formamide solution during 3 h at 35°C. Filters were washed in washing buffer (5 mM ethylenediaminetetraacetic acid pH 8), 20 mM Tris-HCl (pH 8), 0.01% (w/v) sodium dodecyl sulfate and 13 mM NaCl) for 10 min at 37°C and the equilibriated in 1 × PBS for 15 min at room temperature. Filters were covered with the CARD substrate mix and incubated for 30 min at 37°C in the dark. The CARD substrate was prepared by mixing the amplification buffer (10% dextran sulfate, 2 M NaCl, 0.1% (w/v) blocking reagent, in 1 × PBS (pH 7.6) and H 2 O 2 solution (0.15% in PBS) at a 1:100 ratio) with the substrate fluorescein tyramide (Perkin Elmer, Waltham, MA, USA) at a ratio of 1 part tyramide to 200 parts amplification buffer. Filters were mounted on slides using a mounting mix (Citifluor and Vectashield at a 4:1 ratio and 4',6-diamidino-2-phenylindole (DAPI) at 0.5 μg ml − 1 ). Observations and counts were achieved with a BX61 microscope (Olympus, Tokyo, Japan) equipped with FITC (U-N41001 HQIF) and DAPI (U-MNU2) filter sets. For each sampling time and each probe, 12 fields of view were counted for the CARD-FISH-labeled bacteria and DAPI-labeled cells and the relative abundance of labeled cells expressed as a % of the DAPI-labeled cells.
DNA extraction, illumina amplicon and metagenome sequencing Frozen samples were thawed on ice, centrifuged for 30 s at 6000 rpm and supernatants were discarded. DNA extraction was performed using the 'PowerPlant DNA isolation kit' (MOBIO Laboratories, Carlsbad, CA, USA). Purified DNA was suspended in 50 μl of Tris-ethylenediaminetetraacetic acid buffer.
For amplicon sequencing, a portion of the 16 S ribosomal RNA (rRNA) gene was amplified using the bacteria-specific primers 28 F (5′-TTTGATCNTGGC TCAG-3′) and 519 R (5′-GTNTTACNG CGGCKGCT G-3′). DNA samples were sequenced on a Miseq Illumina sequencer (Illumina, San Diego, CA, USA) using Miseq reagent kit V3 (Illumina) producing 2 × 300-bp long reads in a commercial laboratory (MR DNA, Lubbock, TX, USA).
For metagenomes, a double-sequencing strategy was adopted to get a combination of high coverage. One sample per time point was sequenced first on a Miseq Illumina sequencer (Illumina) using the Miseq reagent kit V3 (Illumina) to get longer reads (2 × 300 bp) and then on a Hiseq Illumina sequencer (Illumina) (2 × 150 bp) to get a larger number of reads. Metagenome sequencing was conducted by a commercial laboratory (MR DNA) using commercially prepared reagents.
Sequence data analysis 16 S rRNA sequences were processed following the standard operating procedure in Mothur (Kozich et al., 2013) . In brief, sequences were paired, producing ca. 500 bp fragments. Sequences were then quality trimmed and chimeras were removed using UCHIME (Edgar et al., 2011) . Sequences were grouped in operational taxonomic units (OTU) if they were 497% similar. The taxonomy of the most abundant sequence of each OTU was assigned using the SILVA SSU 119 database (Pruesse et al., 2007) . All samples were resampled down to 5131 sequences per sample. Three sample duplicates (d32, d45 and d49) were removed from further analysis because the amplification was not successful. Sequences were deposited in NCBI SRA under accession numbers SRP061945
Metagenome sequences from Miseq and Hiseq sequencing were concatenated into two files, one forward (containing Miseq and Hiseq forward reads) and one reverse (containing Miseq and Hiseq reverse reads). Miseq sequences are longer, which improves gene assignation, whereas Hiseq sequences are short but in high abundance, which increases the coverage of the community gene diversity. The combination of these two sequencing methods maximized our chance to get a precise and deep coverage of the communities. Forward and reverse reads were joined with a minimum overlap of 8 bp and a maximum difference of 10%. Both paired and unpaired reads were retained for further analysis. Low-quality region trimming (phred score ⩽ 15) was done with SolexaQA (Cox et al., 2010) . Sequences that passed the quality trimming were dereplicated using a k-mer approach that identified sequences that contain identical 20-character prefix. Artificial duplicated sequences were removed (Gomez-Alvarez et al., 2009) and then a machine learning-based approach, Succession in chemosynthetic wood fall mats D Kalenitchenko et al
FragGeneScan (Rho et al., 2010) identified openreading frames, which were annotated by BLASTX (Camacho et al., 2009 ) against the KEGG (Kanehisa, 2002) and SILVA (Pruesse et al., 2007) databases. Analyses were conducted with the MG-RAST pipeline (Meyer et al., 2008) and sequences were deposited under the accession numbers 4623131.3, 4623132.3 and 4623133.3. To compare the metabolic potential between communities each data set was resampled down to 20 341 628 sequences to avoid any sample size effect. Then we counted the number of sequences related to functional genes present in the KEGG database (Kanehisa, 2002) linked with aerobic respiration, carbon cycle (aerobic and anaerobic carbon fixation, carbon monoxide oxidation, fermentation, sulfur cycle (sulfur mineralization, sulfur oxidation and dissimilatory sulfate reduction), nitrate cycle (Nitrate reduction) and methane cycle (methane production and consumption) (Supplementary Table 2 ). Gene selection and categorization was done according to previous publications (Lauro et al., 2011; LlorensMarès et al., 2015) . We also looked at polysaccharide degradation genes that include cellulosome and starch sequestration systems. For proteins encoded by two or more subunits, we used the mean of the sequence abundance in the subunits.
Computation of microbial diversity and function
Comparison of bacterial community composition between different sampling times was achieved using a non-metric multidimensional scaling based on a Bray-Curtis dissimilarity matrix. The matrix was calculated on a resampled data set that contained only abundant OTUs. An abundant OTU within a sample was defined as an OTU that encompassed 41% of the sequences.
The resampled data set was also used to plot the relative bacterial class abundance over time for comparison with the CARD-FISH counts. An analysis of variance was conducted on the replicate CARD-FISH counts to test if the abundance of the different bacterial class varied significantly with time. The analysis of variance prerequisite (normality, independence and homoscedasticity) were verified.
We constructed ternary diagrams with ggtern (v1.0.3.1) to compare functional gene and OTU abundance between samples. All statistics were computed with the R software (V 2.15.13, Vienna, Austria).
Additional microsensors measurements and mat surface elemental analysis A similar experiment using exactly the same incubation protocol for the wood logs was launched to investigate the chemical characteristics of the wood mat. Chemical profiles were obtained after 40 days with Ox100 and H2S100 amperometric microsensors (Unisense, Aarhus, Denmark) and a pH minielectrode. Electrode tips were inserted into the mat using a micromanipulator (Unisense), with depth intervals of 0.25 mm. Sulfide and pH electrodes were calibrated at 13°C in the laboratory, by standard additions of respectively, sodium sulfide stock solution (284 mM) or HCl (0.1 M) in aquarium seawater. The total sulfide concentration was calculated from the sulfide measured by the electrode using the apparent acidity constants defined by Rickart and Luther. (2007) .
In addition, to validate the presence of sulfur on the wood mat surface, a piece of the 40-day-old mat was vitrified on cold isopentane (−150°C). The vitrified mat was then placed side up on a field emission gun scanning electron microscope (ZEISS Sigma HD, Oberkochen, Germany) under secondary vacuum and maintained at a temperature of − 130°C on a cryogenic stage (VCT 100 Leica, Wetzlar, Germany) during electron beam scanning (15 KV) at a working distance of 10 mm. Mat surface images were obtained using a secondary electrons detector. Elemental mapping of microstructure were achieved by the mapping (100 s) of the mat surface with an energy dispersive X-ray spectrometer (Silicon Drift Detector-Xmax N -80 mm 2 , Oxford instruments, Abington, United Kingdom). The raw data was treated with the INCA Energy software (Oxford instruments) to produce a composite image of the scanning microscopy image and sulfur X-ray signature detected by the spectrometer.
Results
Mat growth
During the first 20 days of immersion the surfaces of the five pieces of wood (Figure 1) showed no apparent colonization. The first traces of mats appeared after 20 days and the mats colonized the entire wood surface within 10 days after their appearance. After 30 days of immersion the mat surface was not homogeneous and showed both white dots and transparent areas (Figure 1 ). Our study focused on the first stage of mat formation (32-49 days after immersion). During this period the mat thickness increased from ca. 1 mm to 44 ± 2 mm. The pattern of mat development was similar on the five replicate pieces of wood (Supplementary Figure 1) and on the wood used for the chemical measurements (Figure 5a ).
Bacterial community dynamics
Miseq illumina sequencing produced 161 201 raw 16 S rRNA paired end reads. After pairing, quality filtering and chimera checking 100 426 sequences remained, which clustered into 40 OTUs at 97% similarity.
Non-metric multidimensional scaling based on a Bray-Curtis distance matrix separated the samples according to time of immersion. The non-metric multidimensional scaling stress value was 0.057, Succession in chemosynthetic wood fall mats D Kalenitchenko et al indicating a good ordination of the data. Samples from the beginning of the experiment (d32 to d43) were associated to a group of seventeen OTUs (Figure 2 ). These OTUs belonged to the order Gammaproteobacteria , Epsilonproteobacteria (Otu1-2-6-8-42) and Flavobacteria (Otu13). Communities originating from samples incubated for a longer time (d45 and d49) were highly discriminated by axis 1 and were associated to OTUs from the class Deltaproteobacteria (Otu3-9-19-32) and Deferribacteres (Otu 16).
We then observed the dynamics of each of these bacterial classes along time (Figure 3a) . Gammaproteobacteria sequence abundance did not vary with time (11% ± 3%), but the proportion of Epsilonproteobacteria sequences decreased after 38 days (66%) and reached a minimum after 49 days (30%). The Deltaproteobacteria sequence abundance was a mirror image of that of the Epsilonproteobacteria and remained below 11% between day 32 and day 38, and became the dominant class after 49 days (50%). Some bacterial classes were detected only at the end of the experiment like the Deferribacteres that were not detected before 38 days and increased in abundance (41% of the total number of sequences) after 49 days (3%). Replicate samples (d35, d38 and d43) showed similar patterns reflecting a homogenous community composition in the mats.
The dynamics based on high-throughput sequencing results could be biased by the PCR amplification step. Based on the sequencing results we targeted two bacterial classes to validate the temporal dynamics with CARD-FISH. We targeted the Epsilonproteobacteria, as a class that showed variations in abundance, and the Gammaproteobacteria was selected as a stable class. Cell counts were expressed as percentage of labeled cells relative to DAPIstained cells. The CARD-FISH results showed patterns similar to the sequencing results (Figure 3b) . Epsilonproteobacteria abundance decreased significantly with time (analysis of variance, N = 54, F = 69.885, P-value = 3.453e-11) from 82% of the DAPI-stained cells (±12%) after 32 days, to 67% (±13%) after 38 days and 40% (±15%) at the end of the experiment. The abundance of Gammaproteobacteria remained close to 8% (±5%) of the DAPIstained cells and did not present any significant variations.
Bacterial community composition
From the temporal dynamics results we defined three key time points in the development of the mat: d32 (abundant Epsilonproteobacteria), d45 (equally abundant Epsilonproteobacteria and Deltaproteobacteria) and d49 (abundant Deltaproteobacteria), and observed at the OTU level how relative abundances changed between these three time points (Figure 4a) .
At the class level, Gammaproteobacteria abundance did not change with time but at the OTU level there were variations. After 32 days, Gammaproteobacteria contained many different equally abundant OTUs, but as time passed, only a few abundant OTUs Figure 2) . At the beginning, the Gammaproteobacteria community was dominated by Otu 10-11-12, but then, after 45 days, sequences belonging to these OTUs decreased and the Otu5 became dominant during the rest of the experiment. Otu 10, 11 and 12 were similar to NCBI deposited sequences NR_042965.1 (100% similarity), NR_029031.1 (100% similarity) and KC476293.1 (99% similarity), respectively. These three OTUs belonging to the Oceanospirillaceae family were attributed to the Marinomonas genus for Otu 10 and 11 and to the Thalassolituus genus for Otu12. Otu5 was distantly related to any known strains (o94% similarity) but a similar sequence was previously found (100% similarity to GQ455175.1) in mats from coral black band disease (Ben-Dov et al., 2011) . For the Epsilonproteobacteria, there was a clear succession of the dominant OTUs with time, beginning with Otu2 and Otu1 at d32. Otu1 persisted and dominated at d45, but was replaced by Otu7 at d49. Otu1 and Otu2 were not related to any known strains Figure 4 Triplots representing OTU (a) and functional gene (b) proportions within three normalized samples. The blue axis represents the proportion of sequences after 32 days of immersion (d32), the red axis the proportion after 45 days (d45) and the green axis after 49 days (d49). OTU colors represent the different bacterial classes and gene colors show the different metabolic pathways. OTU and gene name sizes are proportional to the relative abundance of each gene or OTU out of the entire data set.
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(⩽94 or ⩽ 95%, respectively), whereas Otu7 was 95% similar to Candidatus Arcobacter (Wirsen et al., 2002) . Deltaproteobacteria OTUs were most abundant at the later time points d45 and d49 and were dominated by Otu3 (496% of the Deltaproteobacteria). This OTU sequence was 100% similar to a sequence from cold seeps (AM404369.1), and 99% similar to a sequence identified as a Desulfovibrio frigidus strain (NR_043580.1) (Vandieken, 2006) that uses sulfate and sulfite as electron acceptor and thus produces hydrogen sulfide as end product.
Other bacterial classes were represented by one Otu only: Bacteroidetes incertae sedis (Otu4), Sphingobacteria (Otu25), Flavobacteria (Otu13), Deferribacteres (Otu 16) and Clostridia (Otu17). Otu13 was typical for the beginning of the experiment (d32) and was 98% similar to a sequence identified as Winogradskyella sp. (JX174421.1). Otu25 showed an increased abundance at 45 days and was only distantly related to database sequences (o94%). Otu 16 and Otu17 were more abundant at the end of the experiment (d49) and were only 92 and 95% similar to NCBI database sequences. Otu4 showed only small variations in abundance at the different time points and was also distantly related to any deposited sequences (o95%).
Functional gene diversity
We constructed a metagenome for each of the key time points (d32, d45 and d49), which contained 20 341 628, 21 322 937 and 20 555 592 sequences, respectively. A total of 64.5% ± 4% of the sequences passed the quality-checking step and 49% ± 3.4% were assigned to known proteins.
Overall, functional genes were less dispersed among samples than OTUs (Figure 4b ). All the microbial communities that formed the wood fall mats had the potential for aerobic respiration, aerobic carbon fixation, carbon monoxide oxidation, fermentation, sulfur mineralization, dissimilatory sulfate reduction, sulfur oxidation and nitrate reduction based on the detection of marker genes for these metabolisms in the three metagenomes (Figure 4b ). We did not detect any genes linked with methane production or oxidation (mcr or methane monooxygenase). Even though many functional genes were present in all metagenomes, some gene abundances changed with time. Most of the genes were included within a stretched ellipse that went from the sample d32 corner to a middle point situated between sample d45 and d49 (Figure 3b ). This shape reflects three main groups of genes: first, genes that were detected in the three samples (close to the triplot centroid), second, genes that were detected mostly in sample d32 (close to the d32 side of the ellipse) and third, genes that were detected in both d45 and d49 in nearly equal proportions (close to the 50% value of the d49 axis).
Fermentation genes, especially the K-lactate dehydrogenase gene (ldhA) were essentially detected within sample d32, which contained 74% of the ldhA genes detected. Other fermentation genes (ldh and adhE) were less influenced by time (Figure 3b ). Phosphoribulokinase gene (prkB), a key enzyme of the Calvin cycle, was more abundant (310 sequences) in the d32 sample compared with the d45 and d49 samples (76 and 53 sequences, respectively). Another gene marker for aerobic carbon fixation, the ribulose-bisphosphate carboxylase small chain gene (rbcS), was rarely detected in our mats (3-5 sequences depending on the sample). Sulfur mineralization marker genes, cysteine dioxygenase (CDO1) and thiosulfate/3-mercaptopyruvate sulfurtransferase (sseA), were more abundant at d32 (62% of the CDO1 and 40% of the sseA genes) than at d45 and d49. The sulfur oxidation protein gene (soxB) was also more present in the d32 sample (44% of the SoxB) than after 45 and 49 days (27 and 29% of the SoxB, respectively). The marker genes for nitrate reduction, cytochrome c-type protein (napB), periplasmic nitrate reductase (napA) and nitrate reductase (nar), were not clearly associated to any sample, reflecting a conserved function during the mat development. The same pattern was observed for the cytochrome c-oxidase (cox) and carbon monoxide dehydrogenase (cut) genes that did not show any temporal dynamics. Anaerobic carbonfixation marker genes were more abundant in the d45 and d49 samples. The ATP citrate lyase gene (ACLY), involved in the rTCA cycle, fell outside the ellipse and was only detected after 45 (26% of the ACLY genes) and 49 days (74% of the ACLY genes). Other anaerobic carbon-fixation genes, the fumarate reductase flavoprotein subunit (frdA), the 2-oxoglutarate ferredoxin oxidoreductase (oor) and the acetyl-CoA decarbonylase/synthase (acs), were closer to the triplot centroid than the ACLY gene, but closer to the d45 and the d49 samples than to the d32 sample. The two dissimilatory sulfate reduction genes, sulfite reductase (dsrA) and adenylylsulfate reductase (apr), were affiliated to the Deltaproteobacteria class in the KEGG taxonomy database, validating their affiliation to the dissimilatory sulfate reduction metabolisms. They were both detected more often in the d49 (42% of the dsrA and 44% of the apr genes) and d45 sample (36% of the dsrA and 37% of the apr) than in the d32 sample.
Polysaccharide degradation gene screening (Supplementary Figure 3) did not reveal cellulosome related genes such as the sca cluster genes (encoding the cellulosomal structural proteins, scaffoldins) as observed in the rumen gut (Flint et al., 2008) . However, we did detect Sus cluster genes coding for the starch sequestration system found in Bacteroidetes (Flint et al., 2008) .
Sulfur detection and chemical gradients on the wood mat The second incubation experiment followed the same macroscopic mat development pattern ending Succession in chemosynthetic wood fall mats D Kalenitchenko et al with a white biofilm (Figure 5a ) after 40 days. This mat had exactly the same general aspect as those observed during the first microbial experiment. The mapping of sulfur accumulation on the mat surface revealed an inhomogeneous distribution of sulfur on the mat surface with some areas enriched in sulfur (in red) and some depleted (Figure 5b ). Within the mat the pH decreased from 8 (1 mm above the surface) to 6.8 on the wood surface. Oxygen decreased from 262 μM at the mat surface to 0 μM at 1.25 mm below the mat surface. Sulfide was detected 1.50 mm below the mat surface and increased steadily up to 455 μM at 3.75 mm below the mat surface ( Figure 5c ).
Discussion
Our experiment revealed the identity and function of the microbes constituting wood fall-associated mats and gave the first opportunity to study the dynamics of this unknown ecosystem. We could thus demonstrate an ecological succession in the bacterial community assembly and potential metabolisms, and establish the chemosynthetic nature of woodcolonizing mats.
Ecological succession during epixylic mat formation
The first bacterial community that reproducibly colonized wood falls after ca. 1 month of immersion was mainly composed of Epsilonproteobacteria. These pioneer communities were dominated by an unknown OTU distantly related to the Arcobacter genus (Otu2). Another dominant Epsilonproteobacteria (Otu8) was closely related to Arcobacter nitrofigilis (Pati et al., 2010) , which is a chemoorganotrophic bacteria that use nitrate as electron acceptor. The white appearance of the biofilm may indicate the capacity of Otu8 to produce elemental sulfur from hydrogen sulfide oxidation as observed for Candidatus Arcobacter sulfidicus (Wirsen et al., 2002; Sievert et al., 2007) . Hydrogen sulfide or organic compounds (used by the A. nitrofigilisrelated Otu8) were all shown to be breakdown products of wood degradation (Leschine, 1995;  6.6 6.8 7.0 7.2 7.4 7.6 7. Succession in chemosynthetic wood fall mats D Kalenitchenko et al Yücel et al., 2013; Kalenitchenko et al., 2015) . During this first stage of mat formation, the Epsilonproteobacteria shared their habitat with seven Gammaproteobacteria OTUs related to the aerobic genera Thalassolituus and Marinomonas (Yakimov et al., 2004; Prabagaran et al., 2005) . Our results, together with observations made on a sulfideoxidizing community in the Black sea (Jørgensen et al., 1991) , suggest that this first, potentially sulfide-oxidizing mat community, has an important role in protecting the wood fall surrounding environment against hydrogen sulfide produced during the wood decay.
After ca. 45 days, the bacterial communities started to change with an increase of the relative proportion of Deltaproteobacteria sequences that was inversely correlated with a significant decrease of Epsilonproteobacteria sequences. Deltaproteobacteria were dominated by sequences related to the Desulfovibrio genera (Otu3) previously found associated to wood falls (Khelaifia et al., 2011; Kalenitchenko et al., 2015) . This genera of sulfatereducing bacteria is strictly anaerobic, uses fermentation end products as a carbon source, respires sulfate and thus produces hydrogen sulfide (Pradel et al., 2013) . The mat thickness increase with time may be linked to the displacement of the oxygensulfide interface from the wood surface toward the seawater as observed on other Epsilonproteobacteria mats (Wirsen et al., 2002; Sievert et al., 2007) . This displacement limits the penetration of potential electron acceptors like oxygen and nitrate, thus promoting the development of anaerobic and nitrate depleted niches (Van Houten et al., 1994; Okabe et al., 2005) on the wood side of the mat as shown by the microsensor measurements taken in our second experiment (Figure 5c ). These new ecological niches presented ideal conditions for the development of sulfate-reducing bacteria but were probably not favorable for chemoorganotrophic bacteria, like A. nitrofigilis (Otu8), which disappeared as the mat grew.
Interestingly, the mat showed a unique feature at this stage since the community was composed half of sulfate-reducing bacteria and half of an Arcobacterrelated OTUs. The presence of sulfate-reducing bacteria maintaining the production of hydrogen sulfide could provide an ideal niche for potential sulfur-oxidizing Arcobacter (like unknown Otu1 or Otu2), probably located on the biofilm upper layers, where oxygen or nitrate from the seawater and hydrogen sulfide from the wood co-occur. Such a co-occurrence of sulfate reducers and sulfur oxidizers within the same microbial mat has not been previously documented in other chemosynthetic ecosystems (whale falls, cold seeps or hydrothermal vents) but such consortia are known to occur in symbiosis with oligochaete worms (Blazejak et al., 2005) .
At the end of our experiment, the biofilm was thicker. We can hypothesize that even if the mat grew, the niche suitable for bacteria dependent on electron acceptors like oxygen and nitrate did not increase, as the penetration of electron acceptors had decreased (Santegoeds et al., 1998;  Figure 6 ). However, other electron acceptors like sulfate ions are not used in the upper part of the mats and could penetrate deeper and reach the wood where they are reduced (Yücel et al., 2013) . The penetration of sulfate maintained the sulfate-reducing bacteria ecological niche, which probably occupied all the space between the wood surface and the hydrogen sulfide-oxidizing layer, resulting in an increase in the proportion of sequences related to the Desulfovibrio genera.
The increasing distance between the mat-water interface and the wood surface probably resulted in a selection of bacteria that did not use the organic carbon from the wood. These bacteria, like the chemolithoautotroph Candidatus A. sulfidicusrelated OTU (Otu7), would prefer to fix the inorganic carbon present in seawater. Arcobacter-related OTUs may be responsible for the white coloration observed on our mat because they do an incomplete oxidation of sulfide to elemental sulfur, which produces white sulfur filaments visible to the naked eye (Wirsen et al., 2002; Sievert et al., 2007) . In addition to the visual observation of this elemental sulfur, we detected Deferribacteres OTUs that might utilize this Figure 6 Schematic illustration of the ecological succession within the epixylic mat. The two zoomed areas portray the potential metabolisms detected in the mat. The size of the area representing sulfate-reducing bacteria (gray area) and sulfideoxidizing bacteria (white area) is proportional to the number of 16S rRNA sequences detected at the different time points.
Succession in chemosynthetic wood fall mats D Kalenitchenko et al elemental sulfur as a terminal electron acceptor (Garrity and Holt, 2001) giving another clue about the sulfur filament formation. Furthermore our second chemical analysis experiment revealed an inhomogeneous distribution of sulfur on the mat surface that confirmed the capacity of this system to accumulate sulfur. These community changes also impacted the Gammaproteobacteria class that evolved from seven aerobic OTUs after 32 days to only one unknown OTU probably more adapted to anoxia, at the end of the experiment. This possible succession observed with sequence data could be validated in the future with further experiments involving the localization of specific OTUs using FISH probes.
Metabolic potential of the epixylic mat Using a metagenomic approach we were able to detect the presence of genes coding for key enzymes involved in the potential metabolisms of the bacterial groups cited above. Our results indicate that from the first stage of colonization to the end, the microbial community had all the potential functional genes needed for the growth and maintenance of the epixylic mat. The presence of napA, napB and nar genes validated the finding that the bacterial community had the potential to produce the nitrate reductase protein (Smith et al., 2007) and thus confirmed the capacity of the microbial pool to use nitrate as an electron acceptor. Our 16 S rRNA data indicated that the upper mat layer might have recruited some chemolithoautotrophic bacteria. This was confirmed by the increase of the relative sequence abundance of rTCA cyclerelated genes, including the fumarate reductase (frdA), the 2-oxoglutarate ferredoxin oxidoreductase (oor) and the acetyl-CoA decarboxylase (acs), involved in the CO 2 fixation pathway. However, the ATP citrate marker gene (ACLY), the key enzyme of the rTCA cycle, was not found in the beginning of the colonization indicating the microbial community incapacity to run the rTCA cycle during the first development stage. The rTCA pathway is widely used by Epsilonproteobacteria (Campbell and Cary, 2004; Hügler et al., 2010) to fix carbon dioxide in anaerobic or microanaerobic conditions, which confirms that our community has acquired the potential to fix inorganic carbon between 32 and 45 days of immersion. The fact that we observed a decrease of the number of sequences related to the Bacteroidetes starch sequestration system further corroborates the hypothesis that the upper layer of the microbial mat became less dependent on the wood carbon with time.
The detection of Desulfovibrio-related sulfate reductase (dsr) and adenylylsulfate reductase (apr) genes evidenced the community's potential for sulfate reduction. The proportion of dsr and apr genes increased at the end of the experiment supporting the hypothesis of the presence of sulfate-reducing Desulfovibrio-related bacteria (Otu3), which quickly dominated the wood mat community. The common presence of Desulfovibrio in wood falls (Bienhold et al., 2013; Fagervold et al., 2013; Pradel et al., 2013; Kalenitchenko et al., 2015) and measures of hydrogen sulfide pulses on wood surfaces after 1 month (Yücel et al., 2013; Kalenitchenko et al., 2015) suggests the importance of this genera for the production of hydrogen sulfide from wood falls. In addition, the bacterial community's potential to use hydrogen sulfide as electron donor was confirmed by the detection of the sulfur oxidation protein coding gene soxB. This finding supports the theory that the unknown Otu2, most closely related to Arcobacter, detected at the beginning of the experiment was able to use hydrogen sulfide as an electron donor and may be responsible for the white elemental sulfur accumulation in the mat. However, there is no sign that the early colonizers can fix inorganic carbon through the rTCA cycle. We therefore hypothesize that the first dominant OTU used chemolithoheterotrophy, which may give a competitive advantage over chemolithoautotrophy in high organic carbon environments (Sorokin, 2003; Moran et al., 2004) . After 45 days, the bacterial mat conditions probably allowed the establishment of bacteria with the potential for chemolithoautotrophy, which use carbon dioxide as a carbon source and inorganic compounds (hydrogen sulfur) as electron donors. We conclude that after the first stages of colonization, the biofilm had all the genetic potential to set up a chemosynthetic ecosystem.
Conclusion
Here we present a first description of the diversity and potential metabolisms of the bacterial communities forming mats on wood falls in the sea. First, an Arcobacter-related community dominated chemoorganotrophic mats developed on hydrogen sulfide and organic carbon from wood fermentation (Figure 6) . Second, the thickening of the mat created new ecological niches for the co-occurrence of sulfideoxidizing and sulfate-reducing bacteria. Finally, at a later stage, we hypothesize the selection of chemolithoautotrophic Arcobacter, instead of chemolithoheterotrophic Arcobacter, caused by the preferential utilization of organic carbon from fermentation products by the growing population of sulfate-reducing bacteria. Our work also demonstrates the utility to develop experimental incubation in the laboratory to study deep-sea chemosynthetic mats. The easy access to samples allows short-term temporal studies for a precise description of mat formation.
